ABSTRACT A simplified analytical model is proposed to predict the influence on the fracture toughness of such microstructural parameters as reinforcing fiber length, matrix/fiber interfacial bond strength, volume fraction, etc. The analysis is based on the principle that the total fracture energy is equal to the sum of fiber, matrix and fiber/matrix interface fracture energies. It is assumed that both the matrix and the fiber behave elastically and only one stress tensor component is taken into account. Simple analytical expressions for fracture energy per unit crack have been obtained. Experimental results for fracture toughness of the carbon-carbon composites are compared with the model. Despite the quantitative discrepancy with the experiment the model demonstrates a reasonable qualitative convergence. This simple fracture toughness analysis can be useful in the development of composite manufacturing technologies.
INTRODUCTION
The recent development of high fracture toughness composites in many industrial applications is a problem of the highest priority. In improving such composites, micromechanical modelling engineering has been gaining increasing attention. Some fracture mechanics *To whom enquiries should be addressed.
DESCRIPTION OF THE MODEL
Following 111 the energy per unit crack area (J c ) at fracture initiation can be represented as the sum of fiber failure energy 5Wf, matrix failure energy 5W m and the energy spent in the interface 5Wf m . For the increment of quasi-static crack extension δΑ we have the following /7/: Jc5A = 5Wf + 5W m + 5Wfin
For purely elastic cases the energy of new fracture surface formation is given by 131: where ay, ey -stress and strain tensors components for fiber; Q f -volume part occupied by fibers in the crack propagation region. The first term in the right side of the above equation represents the work done by external forces per unit volume, the second one is a density of potential strain energy. A similar equation can be written for the matrix:
Assuming that σ π = o f ,σ™ = a m (where σ* -σ* component strength) and using en = ε* = -, where Ε Ε is the elastic modulus, we obtain:
The fiber pull-out dissipation energy can be represented in the form: 5W fin = JVS; (uf")duf"
In these formulae QF and Ο™ are replaced by L*Vfö and L*(l-Vf)5A, respectively, where L* -the representative size of stress concentration region, Vffiber volume fraction.
The work of pulling fibers out from matrix 5W fm can be estimated following 111. If the interfacial friction force (μΐπ^) is less than the fiber breaking force then the filament is pulled out:
where μ -interfacial frictional force per unit area; uf m -pull-out fiber displacement with respect to the matrix:
Si (uf") -interfacial sliding area of the i-th fiber, where i is a summation index range from 1 to η; η -total number of pull-out fibers in the crack area ΔδΑ.
To estimate values öW f , ÖW m and 5W fm , it is useful to make some simplifying assumptions. Firstly, let all stress and deformation tensors components generally smaller than απ and en, respectively. This hypothesis is quite rough; however it can be justified in order to make the evaluation. Secondly, let us ignore the fiber orientation. Otherwise we will obtain a constant value adding nothing to understanding of the problem. Finally, the linear elastic deformation model is assumed. Then the components 5W f and 5W m can , ,
where h is a pull-out fiber length; d is a fiber diameter. Thus the pull-out work is given by:
Taking into account that 0 < h < L c , we can express the maximal pull-out (critical) length from (2) when it is the equality:
Then we can obtain the pull-out work averaged with respect to the pull-out length:
The number of fibers in the crack area <5 A is: 
It should be noticed that if L < 2L C then fibers mainly are pulled out; thus, according to (4) and L replacing L c by -, we obtain: 2
It is possible to express the summary energy depending upon structural parameters, using (1) and (4): 1) Long fibers (L > 2Lc):
In this case fiber failure usually does not occur and the term 8Wf becomes zero. Determining 5Wf m according to (5), we then have:
It is evident that in the second case the fracture toughness is less. It increases with the filament length rise until reaching maximal value given by (6), and then does not depend on the length.
The role of matrix in the composite fracture toughness according to (6) is not essential because • * af» a m . It should be noted that the sign of the derivative of J c on μ is different for (6) and (7). That is, for long fibers the strengthening of the interfacial bond decreases the fracture toughness (6), transferring the material to the brittle one. Vice versa, for short fibers (7) the increase of μ improves the fracture toughness. At the same time the dependence of L c on μ should be taken into account.
The linear size of the stress concentration region L* for the first approximation is proportional to the crack length. Thus at the fracture initiation the toughness is generally determined by the pulling out and the strength of the interfacial bond. For long cracks the role of this parameter decreases.
The growth of volume fraction raises the fracture toughness both for short-and long-fiber reinforced composites. For the latter the degree of influence is much greater than could be taken from (6). The most substantial role in the long fiber composite fracture toughness is played by the strength and ultimate fiber deformation that expression (6) shows. It should be noted that the proposed model is in qualitative agreement with the results of Hamoush and Salami 151. They found that the energy release rate becomes interminable if the interfacial crack size is equal to the total fiber length. This situation corresponds to that if the specific frictional force μ is equal to zero in the formula (6). The dependence of J c versus fiber diameter (6) is also in accordance with that reported in 151.
Therefore formulas (6) and (7) allow evaluation of the dependence of fracture toughness upon the structural parameters, component properties and the interface state. Analyzing these expressions, it is possible to develop some methods to increase the composite fracture toughness.
COMPARISON WITH EXPERIMENT
The proposed model was experimentally checked on samples of discontinuous carbon fiber-carbon matrix composites. They were fabricated using two techniques differing slightly from each other to obtain the shortfiber reinforced and long-tow reinforced materials. In the first method the tows of PAN high-modulus carbon fibers VPR-19S, manufactured by Moscow Electrode Plant, were cut roughly into pieces about 20 mm in length. Then they were dispersed in the water for nearly 20 minutes with the fiber concentration 8 and 2 g/1 to obtain composites No. 1 and No. 2 (Table 1) , respectively. Data in Table 1 are averaged values obtained from statistical treatment of the parameters of more than 100 samples. Coal-tar pitch granules were added to the slurry, then hot-pressure treatment was applied to obtain a green composite precursor with the subsequent carbonization (1000°C) and finished hightemperature treatment (1800°C).
In the second method the same tows were cut more accurately into pieces of about 40 and 60 mm length /8/. The dispergation procedure was performed by turbulent air flow in the aerodispergation facility of the Moscow Graphite Research Institute to avoid failure of long tows. The subsequent manufacturing procedures were the same as in the first method.
Both procedures described are veiy expensive, long
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and technologically complicated, stipulating a small amount of tested composite types with different tow lengths.
The fiber contents for all types of composites ranged from 33% to 35% by volume. Composites had a random fiber orientation in the plane and some 3-dimensionality. Specimens with two notches for shear strength evaluation shown in Fig. la and single edge notched bend (SENB) specimens 191 for determining the fracture toughness J c (Fig. lb) were made of each type of the above composites. The results of testing specimens shown in Fig. la are presented in Table 2 . The shear strength calculation for these specimens is carried out by the formula: The energy per unit area of crack J c presented in Table 2 was obtained using SENB specimens following
191:
'c Β W φ Table 1 Reinforcing elements properties of C/C composites. Fig. lb) . In order to make the correct comparison of the presented model with the experiment it is necessary to evaluate the critical fiber length L c . Thus the interfacial bond strength and reinforcing element diameter have to be determined according to (3) . It can be shown that for composites with a fiber volume fraction of more than 0.3 the area occupied by coal tar pitch precursor graphite matrix in the isotropic plane is quite small. The composite shear strength is thus generally defined by the interfacial bond strength μ, which is less than τ for carbon-carbon composites /10/. That is, the shear strength evaluation (Table 2) gives an upper estimation of interfacial bond strength (μ < τ).
The composite reinforcing elements under consideration are tows containing many carbon filaments. Assuming that the tow has a round cross section and the number of fibers in the tow is quite large, we have:
7ir t =kn7tr f where r t and rf -tow and fiber radii, respectively; η -number of fibers per tow; k -coefficient of packing 4 fibers into the tow. For square packing: k s = -»1.273. 71 For hexagonal packing (which produces the maximal 4- Let us compare the testing results of fracture toughness with the model evaluation. The matrix contribution for the first approximation is generally small and equation (7) can be rewritten as: (8) shows. Asterisks on the same figure present the experimental data from Table 2 . The discrepancy in values of J c between model and testing results can be earned by the following factors. Firstly, as stated above, we take into consideration only one strain and stress tensor component. Also, fiber strength should be described by the strength distribution function, but not only by a single value. Secondly, the tow can deform not as an indivisible body, because the fiber-to-fiber interfacial bond strength into the tow is less than the tow-to-matrix one /8/. Thirdly, the model does not accurately take into account the orientation of the fibers. A simple analytical approach is proposed to predict the fracture toughness of discontinuous fiber reinforced composites. The analysis is based on the principle of separation of fiber and matrix failure and fiber pull-out sliding energy contributions to the total fracture energy. The model cannot be used when exact solutions are required. This approach allows evaluation of the contribution of reinforcing fiber properties, interfacial interaction factors and geometric parameters into J c . Such a simple, clear method could help in finding ways to improve composite fracture toughness. The model can be useful in the technology of manufacturing industrial composites.
